Hippocampal neurogenesis in the adult mammalian brain is modulated by various signals like growth factors, hormones, neuropeptides, and neurotransmitters. All of these factors can (but not necessarily do) converge on the activation of the G protein Ras. We used a transgenic mouse model (synRas mice) expressing constitutively activated G12V-Harvey Ras selectively in differentiated neurons to investigate the possible effects onto neurogenesis. H-Ras activation in neurons attenuates hippocampal precursor cell generation at an early stage of the proliferative cascade before neuronal lineage determination occurs. Therefore it is unlikely that the transgenically activated H-Ras in neurons mediates this effect by a direct, intracellular signaling mechanism. Voluntary exercise restores neurogenesis up to wild type level presumably mediated by brain-derived neurotrophic factor. Reduced neurogenesis is linked to impairments in spatial short-term memory and object recognition, the latter can be rescued by voluntary exercise, as well. These data support the view that new cells significantly increase complexity that can be processed by the hippocampal network when experience requires high demands to associate stimuli over time and/or space.
via activation of Cav1.2/1.3 (L-type) channels and of NMDA receptors (Deisseroth et al., 2004) mediated by the hippocampal GABAergic system (Tozuka et al., 2005) . Moreover, recent research demonstrates a long-lasting epigenetic modulation in expression of neurogenic niche signals via the activity-induced immediate early gene Gadd45b, which is expressed in NeuN positive young dentate granule neurons. Thus, Gadd45b links neuronal circuit activity to region-specific DNA demethylation and controls expression of secreted factors like brain-derived neurotrophic factor (BDNF; Ma et al., 2009) . In general, the involvement of neurotrophic factors like BDNF or nerve growth factor (NGF) as well as neurotransmitters like GABA or glutamate have been established, now (Li and Pleasure, 2010; Mu et al., 2010) . Additionally, important modulatory roles are ascribed to afferent dopaminergic and cholinergic input (Suh et al., 2009; Itou et al., 2010) .
The synRas mouse model
One critical intracellular switch for conveying neurotrophin-or growth factor signals is the universally expressed GTPase Ras (Heumann, 1994) . In order to gain more insight into the role of Ras in neuronal signal transduction and neurotrophin signaling we created a mouse model expressing constitutively activated H-Ras (G12V mutated) selectively in differentiated neurons using a rat synapsin-1 promoter (Heumann et al., 2000 ; Figure 1 ). At the cellular level, chronic activation of H-Ras in adult brain neurons leads to enhanced neuronal signaling via the Ras-MAPK pathway but does not activate the PI3-kinase/Akt/PKB pathway. Retrospectively, In the adult mammalian hippocampus, permanent proliferation of progenitor cells provides a lifelong supply of new neurons that display enhanced plasticity (Snyder et al., 2001; Kempermann et al., 2004b; Schmidt-Hieber et al., 2004; Ge et al., 2007b) . Although the young neurons contribute only to a minor fraction of the dentate gyrus (Lagace et al., 2007; Ninkovic et al., 2007) , their change in excitability during differentiation (Wang et al., 2005 ) is likely to make distinct contributions to learning and memory. However, the precise role of the newborn neurons in learning is still under debate (e.g., Kempermann, 2008; Amrein and Lipp, 2009; Deng et al., 2009; Aimone et al., 2010) .
A major portion of these young neurons has only a transient existence undergoing apoptosis at early stages of development whereby birth, survival, and differentiation are influenced by countless endogenous and exogenous factors (Ming and Song, 2005; Zhao et al., 2008) . Some factors like age, stress, and glucocorticoids downregulate the formation of new nerve cells while others like gonadal hormones, several growth factors, or environmental stimulation have promoting effects Leuner and Gould, 2010; Li and Pleasure, 2010) . The impact of factors associated with behavior and cognition suggests that the dynamics of adult neurogenesis is regulated by surrounding network activity (Kempermann, 2008; Li et al., 2009; Deng et al., 2010; Li and Pleasure, 2010) . How the activity level of hippocampal networks is conveyed to the progenitor cell population is still unclear. Some evidence exists for activity-dependent restriction on cell lineage development: Excitatory stimuli can act directly on proliferating precursors to favor neuron production rons show a different pattern of glutamate decarboxylase mRNA expression compared to wild type siblings though interneurons rarely express the H-Ras transgene (Heumann et al., 2000; Patz et al., 2009 ). Both, glutamate and GABA are well described neurotransmitters that are involved in the regulation of adult neurogenesis (e.g., Wang et al., 2005; Nacher and McEwan, 2006; Ge et al., 2007a) . Interestingly, a switch from an initially excitatory to an inhibitory action of GABA (Ge et al., 2006) and the expression of NMDAR2B receptors (Ge et al., 2007b) characterize the enhanced plasticity of newborn cells in the adult hippocampus.
On the basis of these phenotypic changes in synRas mice the study of adult neurogenesis was started, with surprising results.
NeuRogeNesis is dimiNished iN synRas mice
SynRas mice display reduced neurogenesis primarily resulting from a diminished proliferation rate of the progenitor cell population (Lafenêtre et al., 2010; Manns et al., 2010) . This has been demonstrated by BrdU-injections that revealed a lower number of BrdUlabeled cells 24 h after the last of 12 injections. A specific reduction of the newborn neuronal population has been confirmed by double labeling with neuron-and glia-specific markers and by a smaller number of doublecortin-positive cells ( Table 1 ; Lafenêtre et al., 2010; Manns et al., 2010) . This effect is exclusive for the adult hippocampus since generation of new cells within the subventricular zone is not affected (Manns et al., 2010) . Additionally, doublecortin immunolabeling also demonstrated impaired dendritic differentiation in neuronal precursor cells of synRas mice as indicated by smaller dendritic lengths and a lower number of dendritic segments (Lafenêtre et al., 2010) . Attenuated dendritic growth was also detected in Gadd-45b KO mice indicating an essential role of Gadd-45b for activity-induced dendritic growth of newborn neurons in the adult brain ). Thus, the synRas phenotype could be theoretically explained by a downregulation of Gadd-45b. However, we do not favor this hypothesis because the expression level of a well characterized Gadd-45b target gene, BDNF is unchanged in adult synRas cortex or hippocampus (see also Discussion below). Furthermore, the level of Ras in neurons in vivo appears to represent neuronal activation by environmental stimuli (Manns et al., 2005) . This would probably lead to a Gadd45b upregulation unless a compensatory inhibition of neuronal network activity is assumed in synRas mice in response to chronic H-Ras activation.
In wild type as well as transgenic animals only a subpopulation of the newborn (BrdU-labeled) cells survives. But the relative survival rate is significantly higher in synRas mice with 55% compared to 37% in wild type siblings (Manns et al., 2010) . In accordance with the smaller number of newborn cells and their higher survival rate, a significantly lower number of cells can be detected that express caspase-3, an enzyme that acts as an effector of apoptotic cell death (Figure 2A ; Table 1 ). Most caspase-3-immunolabeled cells are located within the subgranular cell layer of the hippocampus suggesting that mainly progenitor cells are targeted for caspase-3 inhibition in synRas mice rather than "old" neurons. This result is in agreement with the observed correlation between the number of proliferating and pyknotic cells in rodent species (Amrein et al., 2004) . In contrast to wild type mice, inhibition of progenitor cell proliferation and enhancement of cellular survival the most interesting facts about synRas mice in regard to possible interactions with neurogenic pathways are outlined below (a list of major results, especially from extensive neuroanatomical studies can be found in Table 1) .
Transgenic activation of H-Ras in post-mitotic neurons protected them from lesion-induced degeneration (Heumann et al., 2000; Makwana et al., 2009 ). This was shown for facial motor neurons after axonal transection as well as for striatal dopaminergic neurons of the substantia nigra in response to application of the specific dopaminergic neurotoxin N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Furthermore, dopamine synthesis is enhanced due to higher activity of tyrosine hydroxylase (TH; the rate-limiting enzyme for dopamine synthesis). Dopamine has been shown to be an important transmitter in hippocampal precursor cell proliferation since administration of the dopamine reuptake inhibitor cocaine leads to diminished proliferation but no changes in survival of adult-formed neurons (Dominguez-Escriba et al., 2006) . Moreover, choline acetyl transferase (ChaT; the rate-limiting enzyme for acetylcholine synthesis) activity is enhanced in facial motoneurons (Heumann et al., 2000) .
Glutamate synthesis and turnover is also increased in the brain of synRas mice (unpublished observation) and spontaneous AMPA receptor-mediated excitatory post-synaptic currents are more frequent in cortical neurons . GABAergic interneu- neurons as shown by inhibition of neurotrophin-induced survival after intracellular application of Ras-neutralizing monoclonal antibody or its non-crosslinking F ab -fragments (Borasio et al., 1989 (Borasio et al., , 1993 Heumann, 1994 ) Accordingly, enhanced survival of newborn neurons might reflect the neuroprotective action of elevated intracellular H-Ras activity although it cannot be excluded that H-Ras-activated neurons secrete factors other than BDNF, which also contribute to survival effects in synRas animals. However, the synapsin-1 promoter driven H-Ras-transgene expression is confined to differentiated cells ( Figure 1B) . Thus, decreased early precursor cell proliferation must represent an indirect effect of the activated H-Ras transgene protein. Its expression has been shown to be repressed in nestin-positive neuronal precursors (Chakrabarty et al., 2007) . This in turn points to the presence of signals derived is more pronounced in male compared to female synRas mice. This sex difference suggests a modulation of the H-Ras-mediated effects by gonadal hormones (Manns et al., 2010) .
TRaNsgeNe expRessioN iN diffeReNTiaTed NeuRoNs affecTs miToTic acTiviTy of eaRly pRogeNiToR cells
Our BrdU-labeling studies have shown that H-Ras activity has a suppressive effect on the formation of new hippocampal neurons. This difference presumably reveals direct and indirect actions of the transgene protein product. On the one hand, H-Ras-transgene expression shields nerve cells from lesion-induced degeneration (Heumann et al., 2000; Chakrabarty et al., 2007; Makwana et al., 2009) . There is previous evidence indicating that intracellular H-Ras activation has a cell-autonomous effect in dissociated single Increased perikaryal size of pyramidal neurons in CA2/CA3 and dentated gyrus [7] Expansion and increased complexity of dendritic arbors of CA1 pyramidal neurons [7] Increase in basal dendritic size of CA1 pyramidal neurons [7] Enlarged type-2a cells at the transition between the glial and the neuronal lineage (Kronenberg et al., 2003; Kempermann et al., 2004a; Steiner et al., 2006) . While the number of BrdU-positive cells increases within 24 h in wild type animals, their number remains constant in synRas siblings (Manns et al., 2010 , Figure 2B ). Since BrdU has only a very short bioavailability of 15 min up to 2 h (Hayes and Nowakowski, 2000; Mandyam et al., 2007) , changes in the number of BrdU-labeled cells result from the mitotic activity of progenitor cells that have incorporated BrdU at the time of injection. Accordingly, unchanged numbers of BrdU-positive cells in synRas mice suggest a low mitotic activity of progenitors in synRas mice. Thus, our data support the hypothesis that from the existing hippocampal circuitry as a secondary consequence of H-Ras-transgene expression in differentiated neurons (see "Working Hypothesis" in red in Figure 2C ). Neuron-derived feedback regulation of precursor cells has also been suggested by Hastings and Gould (2003) in the olfactory system. Pulse-injections with BrdU have demonstrated that the synRas activity inhibits neurogenesis already at an early precursor stage of the cell lineage. Two hours after a BrdU-pulse, the density of BrdU-labeled cells is significantly lower in synRas mice compared to wild type siblings ( Figure 2B ; Manns et al., 2010) . At this time point, the major BrdU-labeled cell population represents normally highly proliferative Most interestingly, the inhibitory effect of H-Ras transgene expression can be overcome by voluntary exercise that is well known to stimulate adult cell proliferation specifically in the dentate gyrus (Van Praag et al., 1999; Brown et al., 2003) . In synRas mice, running increases proliferation of newborn cells in the dentate gyrus up to control level and restores the morphological deficits of doublecortin-positive neurons (Lafenêtre et al., 2010) . It has been shown that running stimulates the quiescent Sox-2 positive precursor cell pool (Lugert et al., 2010) . Therefore, the results obtained from the running experiments indirectly point to the hypothesis that more Sox-2 cells are in a quiescent state in synRas mice and further supports that proliferation is attenuated at an early stage of the cell lineage in synRas mice. It has been recently observed that the runninginduced effects on proliferation appear to be independent of Notch activity while running-induced survival and enhanced cell cycle exit of type-3 progenitor cells might be mediated by Notch1 activity (Brandt et al., 2010) . H-Ras leads to an activation of Notch signaling and downregulation of tumor suppressor activity in transformed cells (Gustafson et al., 2009 ). Thus, activation of Notch signaling in neurons remains as another hypothesis to explain the synRas neurogenesis phenotype.
Newborn doublecortin-positive neuronal precursor cells express the BDNF receptor TrkB (Lafenêtre et al., 2010) and its expression is required for an efficient immature-to-mature neuronal transition in the dentate gyrus (Bergami et al., 2008) . Accordingly, BDNF infusions increase the number of newborn cells of the adult hippocampus (Scharfman et al., 2005) . In turn, voluntary physical activity augments BDNF mRNA and protein levels (Berchtold et al., 2001; Johnson et al., 2003; Adlard et al., 2004; Lafenêtre et al., 2010) . Moreover, a nestin-specific knock down of TrkB in early proliferating cells prevented the exercise-induced changes in the hippocampus (Li et al., 2008) .
Basic level of BDNF mRNA and protein do not differ between wild type and synRas mice while running increases BDNF in both groups. This suggests that BDNF does not mediate the inhibitory synRas effects onto proliferation of hippocampal precursor cells in non-running animals but supports its role as a mediator of physical exercise (Lafenêtre et al., 2010) . BDNF is secreted in an activity-depended manner (Canossa et al., 2001; Lessmann et al., 2003) and stimulates the cell division of early proliferating cells (Chan et al., 2008; Li et al., 2008) . In general terms, an environmental stimulus that specifically elevates BDNF may enhance proliferation of progenitor cells and thereby may counteract inhibitory signals or depletion effects derived from differentiated cells (see Figure 2C) .
cogNiTive impaiRmeNTs of synRas mice
The reduced pool of newly generated nerve cells in synRas mice is related to cognitive impairments in hippocampus-dependent tasks. SynRas mice do not display principal deficits in learning or memory since spatial reference memory as demonstrated in the Morris water maze does not differ from wild type siblings (Manns et al., 2010) . This finding is in line with several other models displaying decreased neurogenesis (Leuner et al., 2006; Tashiro et al., 2007) . In general, impairments emerge with increasing complexity of behavioral tasks (Wojtowicz et al., 2008; Clelland et al., 2009; Aimone et al., 2010 ). the transgenic activation of H-Ras in differentiated neurons specifically attenuates mitotic activity of the early type-2a cells (Kronenberg et al., 2003) . This may be investigated by determination of precursor cell numbers at particular stages using markers such as GFAP, Sox-2, DCX, and NeuN. The effect on early proliferating cells is specific for the mature hippocampus in synRas mice since the ontogenetic generation of nerve cells is unimpaired (Heumann et al., 2000) and importantly, the number of newborn cells in the subventricular zone is not changed (Manns et al., 2010) .
Adult hippocampal progenitors reside in a microenvironment of complex neuronal networks. Within this neurogenic niche, the progression from neural precursor cells to mature neurons is tightly controlled by coordinate cell-intrinsic programs and external signals and numerous molecular pathways have been identified participating in the regulation of adult progenitors (Lledo et al., 2006; Mu et al., 2010 ).
An important pathway in regulating stem cell self renewal is the wnt/catenin pathway (Gage, 2010) . Overexpression of wnt increases hippocampal neurogenesis while blockade of wnt signaling reduces it (Lie et al., 2005) . It might be worth investigating if the decreased proliferation of early progenitors in synRas mice is due to a crosstalk between the wnt/β-catenin pathway and precursor cell marker Sox-2 (see Gage, 2010) . Moreover, in post-mitotic neuronal H-Ras activation increases GSK3β levels in synRas mice (Holzer et al., 2001 ). Phosphorylation of β-catenin by GSK3β is part of the canonical wnt signaling pathway (Willert and Nusse, 1998) and it remains to be analyzed if deficiencies in aspects of dendritic development in newborn neurons of synRas mice are associated with changes of wnt signaling in post-mitotic neurons (Zhang et al., 2011) .
In addition, other factors might play a role: blockade of bone morphogenetic protein (BMB) by application of noggin initially increases neurogenesis but subsequently leads to a decreased stem cell division and depletion of precursors (Mira et al., 2010) . Thus, depletion of precursors by chronic stimulation of growth factor signaling pathways in post-mitotic neurons is another hypothesis to explain the synRas phenotype (see Figure 2C , green). Similarly, sonic hedgehog elicites proliferation and pharmacological inhibition of sonic hedgehog signaling reduces it suggesting that regulation of sonic hedgehog is another candidate for the regulatory mechanism in synRas mice (Lai et al., 2003) . Furthermore, inflammatory processes have been described to regulate neurogenesis. As neuronal H-Ras supports an anti-apoptotic phenotype the role of pro-inflammatory proteins such as release of interferon gamma might be considered as well in synRas mice .
Sex differences in the suppressive effect on neurogenesis in synRas mice suggest the interaction of H-Ras transgene protein with gonadal hormones (Galea et al., 2006; McEwen, 2010) . In female rodents, acute administration of estradiol increases cell proliferation (Tanapat et al., 2005; Barker and Galea, 2008) . Since estradiol can directly affect estrogen receptor-expressing hippocampal precursor cells (Isgor and Watson, 2005) , suppressive synRas effects might be attenuated by estradiol leading to a higher number of newborn cells in females compared to males. Testosterone conversely up-regulates survival of newborn cells specifically in males (Spritzer and Galea, 2007) . Therefore, testosterone might cause the enhanced neuronal survival in male synRas mice by amplifying cell protective effects of the H-Ras-transgene. since voluntary exercise also enhances the dendritic arborization of the newly generated neurons even in synRas mice (Lafenêtre et al., 2010) it is possible that a better integration of the young neurons into the existing hippocampal network is of relevance for the observed cognitive improvements.
During differentiation, the newly generated cells establish connections with the existing network (Tashiro et al., 2006; Toni et al., 2008) thereby competing with pre-existing dentate granule cells for synaptic space. The outcome of such competition decides about the selective survival or death of new neurons that might have a direct role in a process of learning and memory (Tashiro et al., 2006) . Thus, it is conceivable that in synRas mice it is not only the mere number of newly generated cells but also their deficient integration into the network that contributes to the observed cognitive deficits.
summaRy
Our studies suggest that the genetic enhancement of H-RasMAPkinase signaling in adult neurons affects the generation and dendritic differentiation of newborn cells within the adult hippocampus. Neurogenesis is down-regulated at an early stage of the proliferative cascade altering the pool of young highly plastic cells that are critical for hippocampus-dependent learning and memory. Accordingly, synRas mice display impairments in spatial short-term memory and object recognition. Neurogenesis as well as object recognition can be restored by voluntary exercise supporting a link between neurogenesis and hippocampus-dependent cognition. Young neurons might be necessary especially under conditions requiring increasing demands to associate stimuli over time and/or space.
Together, the synRas model shows that the proliferative activity of progenitor cells and their development is subjected to a regulation by signals derived from differentiated nerve cells. However, the actual degree of neurogenesis is controlled by a coordinated interplay of signals derived from different sources converging onto the neurogenic niche.
SynRas mice show a profound impairment of spatial short-term memory capacities as demonstrated in the eight arm radial maze. Normally, mice quickly learn to avoid re-entries into already visited arms to minimize energetic costs. Thus, they permanently decrease short-term memory errors. Wild type as well as transgenic siblings acquire the principal rule of the task to visit each arm of the maze only once, but synRas mice are unable to avoid short-term memory errors specifically during the last three arm choices (Manns et al., 2010) . Since memory load increases with each arm choice, enhanced numbers of re-entries into already visited arms might represent differences in short-term memory capacities (Manns et al., 2010) . A selective deficit in short-term spatial memory was also shown in NF-κB p50-deficient mice, which display impaired differentiation of newborn cells (Denis-Donini et al., 2008) . The observed cognitive deficits in synRas mice support the idea that the size of the pool of newly generated cells has profound effects onto behavioral plasticity. New cells significantly increase complexity that can be processed by the network when experience requires high demands to associate stimuli over time and/or space (Kempermann, 2002 (Kempermann, , 2008 Winocur et al., 2006; Clelland et al., 2009 ).
An association of objects over time and space is also necessary for object recognition memory and is also dependent on the integrity of the hippocampus (Squire et al., 2007) . Generally, rodents display a spontaneous preference to explore novel objects relative to familiar objects in a specific environmental setting. SynRas mice do not prefer a novel object during critical test sessions of a typical novel object recognition task what is not caused by higher anxiety levels of synRas mice (Lafenêtre et al., 2010) . That diminished neurogenesis is related to impaired recognition has also been demonstrated in rats in which adult hippocampal neurogenesis is specifically blocked by a lentiviral approach . These studies provide correlative data for a relation between neurogenesis rate and behavioral performance. A more direct link is indicated here by the fact that running improves novelty recognition in synRas mice compensating memory deficits up to control level parallel to augmented neurogenesis (Lafenêtre et al., 2010) . However,
